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The hormone can elicit all of these responses by activating adenylate cyclase (AC) and stimulating the intracellular production of cyclic adenosine monophosphate (cAMP). This nucleotide was revealed as the first known intracellular signal, or second messenger, by the groundbreaking work of Sutherland, Rall, and coworkers (32) a half-century ago. Since then, a wealth of compelling evidence has all but established cAMP as glucagon's predominant, if not exclusive, signal mediating metabolic responses in liver and adipose tissue as well as contractile effects in heart (6, 11 ).
This conclusion is based largely on information gathered from perfused organs, isolated cells, or cell-free systems in vitro. Although exogenous glucagon is clearly active in vivo at sufficiently high doses, the extent to which endogenous glucagon contributes to the regulation of glycemia remains controversial (31) . A persistent, unresolved issue is a significant disparity, of at least 10-fold, between fasting (maximal) blood levels (1, 24) and the substantially higher concentrations required to activate AC in target tissues (26, 35) . Alternative signals have been proposed, but their physiological relevance has not been established (42) .
The purpose of this study was to determine whether physiological levels of glucagon, below the threshold required to increase contractile force (inotropy), can influence metabolic fuel use in heart tissue. The results show, presumably for the first time, that glucagon produces rapid insulin-like metabolic responses in perfused working rat hearts at concentrations within the normal physiological blood range. Stimulation of glycolysis by the hormone appears to be mediated by phosphoinositide 3-kinase (PI3K) and not by AC/cAMP.
MATERIALS AND METHODS
Working heart preparation. Male Sprague-Dawley rats (200 -400 g; Harlan Teklad, Indianapolis, IN) were housed communally, given food and water ad libitum, and handled in accordance with the Institutional Animal Care and Use Committee at the University of Rhode Island, which approved our study. Animals were given intraperitoneal heparin (1,000 IU/kg) injections 15 min prior to heart excision. Hearts were initially perfused in the Langendorff mode with Krebs-Henseleit (KH) solution containing the following solutes (in mM): NaCl, 120; CaCl 2 ⅐ 2H20, 1.8; NaHCO3, 25; NaH2PO4 ⅐ H20, 1.2; MgS0 4 ⅐ 7H20, 0.65; and KCl, 5.6, pH 7.4, when gassed with 95% O 2-5% CO2 at 37°C. Working hearts were perfused as described previously (34) . Hearts were paced (260 beats/min) if the spontaneous rate was Ͻ240 beats/min. Glucagon concentrations Ͻ10 Ϫ9 M had no effect on spontaneous frequency of contraction. Left atrial filling pressure was maintained at 10 cm of H 2O, and resistance to left ventricular ejection was kept at a constant 1 kPa ⅐ ml Ϫ1 ⅐ min Ϫ1 . Inotropic responses to glucagon were quantified as the change in peak left ventricular pressure (LVP) in millimeters of mercury. The working heart perfusate (100 ml) consisted of KH solution containing 3% low-endotoxin bovine serum albumin (BSA) (A3675; Sigma) prepared with tissue culture water (W3500; Sigma) and dialyzed (6 -8,000 MW; Spectra/Por) in 4 L KH solution at 4°C overnight. Palmitate (0.5 mM), glucose (10 mM), and sodium bicarbonate (25 mM) were added on the day of the experiment.
Preparation of hormone stock solutions. Preliminary studies established that the procedure for preparing glucagon stock solutions is critical for preserving full biological activity, particularly at low hormone concentrations. If glucagon is dissolved in a protein-free aqueous medium, activity declines rapidly with storage. This is presumably because the peptide adheres to the walls of any container used, even if it is silated. The problem can be minimized or eliminated by dissolving the glucagon in a protein-containing solution such as plasma (7) . Therefore, stock solutions were prepared by dissolving powdered synthetic glucagon (G-1774; Sigma) in the perfusate containing 3% BSA without glucose, sodium bicarbonate, or palmitate but with 1% citric acid added (pH 2.0). The stock solution was then aliquoted and stored at Ϫ80°C. On the day of the experiment, the stock solution was thawed and diluted in a small volume of the working heart perfusate just prior to heart perfusion. This protocol preserved full activation of glycolysis for Ն8 wk. Insulin stock solutions (I-5500; Sigma) were prepared similarly and stored at Ϫ20°C.
Measurements of glycolysis, glucose oxidation, and palmitate oxidation. Rates of glycolysis, glucose oxidation, and palmitate oxidation were quantified as described previously (34) . Glycolysis and glucose oxidation were measured as the rate of production of ), respectively. Palmitate oxidation was measured as the rate of 3 H2O produced from [9,10- 3 H]palmitate (specific activity 150,000 counts ⅐ min Ϫ1 ⅐ mol Ϫ1 ). Rates were calculated from regressions of 5-min samples and expressed as the change in rate induced by the hormone in micromoles per gram dry weight per minute (using a wet/dry weight ratio of 5.02). After 20 min of sampling, either glucagon or insulin was added at the final concentrations indicated. When appropriate, either the PI3K inhibitor LY-294002 (10 M; Biomol International, Plymouth Meeting, PA) or the AC inhibitor NKY80 (20 M; Calbiochem, San Diego, CA) was added to the perfusate prior to heart perfusion. LY-294002 was selected over the more widely used wortmannin as the PI3K inhibitor because our preliminary studies indicated that wortmannin alone had significant, and rather pronounced, intrinsic stimulatory activity on glycolysis. Neither LY-294002 nor NKY80 significantly affected basal glycolytic rates or LVP in untreated hearts ( Table 1) .
Quantification of tissue levels of total Akt, phospho-Akt, and cAMP. Ventricular tissue was quickly frozen with flat steel tongs precooled in liquid nitrogen for subsequent measurement of tissue levels of Akt/ phospho-Akt and cAMP. Samples were stored at Ϫ80°C until use. For immunoblotting of Akt, hearts were frozen after 10 min of exposure to glucagon, insulin, or vehicle. Tissues were homogenized in a Tris⅐HCl-based homogenization buffer (pH 7.4) containing protease and phosphatase inhibitor cocktails (1:100) and 150 mM phenylmethanesulfonyl fluoride and centrifuged at 1,000 g for 10 min. The supernatant was spun at 100,000 g for 60 min at 4°C, and the pellet was resuspended in Triton buffer and centrifuged at 15,000 g for 30 min at 4°C. The supernatants were combined and assayed for protein content using the Pierce BCA Protein Assay (Pierce, Rockford, IL). Samples were loaded onto 10% Tris ⅐ HCl resolving gels (3450009; Bio-Rad, Hercules, CA), at a final concentration of 2.5 g/l, in Laemmli sample buffer. Gels were were electrophoresed at 200 V for 1 h in 25 mM Tris, 192 mM glycine, and 0.1% (wt/vol) SDS running buffer and transferred to nitrocellulose paper for 35 min at 100 V in 25 mM Tris, 192 mM glycine, and 25% (vol/vol) methanol transfer buffer. The blots were blocked [5% (wt/vol) dry milk ϩ TBS ϩ 0.1% Tween-20] for 1 h at room temperature. Both total Akt (9272) and phospho-Akt (9271) antibodies were purchased from Cell Signaling (Danvers, MA) and were used according to manufacturer's protocol. The phosphoAkt antibody recognizes serine 473 -phosphorylated Akt1, -2, or -3. Enhanced Chemiluminescent Reagent (Pierce Biotechnology, Rockford, IL) was used to detect bands, which were then imaged and quantified using the Kodak Image Station 2000MM.
For cAMP levels, ventricles were frozen after ϳ3 min of glucagon or vehicle exposure, corresponding to the time of peak inotropic responses to 10 Ϫ8 M, and assayed for cAMP as described previously (35) using a colorimetric assay kit (Pierce Biotechnology) according to the manufacturer's instructions. Results were expressed as picomoles per milligram protein (Pierce BCA protein assay).
Statistics. All data are reported as means Ϯ SE. Changes relative to basal values induced by the hormones within groups were analyzed by the one-tailed (paired) Student's t-test. Differences in mean values between groups were compared using ANOVA followed by the Neuman-Keuls comparison test. P values of Ͻ0.05 were considered to be significant; lower values were not reported.
RESULTS
In exploratory studies, we investigated whether glucagon can influence glucose metabolism in perfused rat hearts at a concentration that is representative of normal blood levels ( Fig. 1) . We found that glucagon at 10 Ϫ10 M, a high physiological concentration (16) , produced a marked stimulation of glycolysis. The response was quantitatively indistinguishable from the effect of a high physiological concentration of insulin. The same concentration of glucagon also substantially stimulated glucose oxidation and moderately inhibited palmitate oxidation (Table 2) , nearly duplicating analogous effects of insulin that we had reported previously (34) .
Subsequently, we focused on glycolysis to determine the range of glucagon concentrations necessary to generate metabolic responses and whether they are different from those required to enhance contractility. Inotropic responses are well established, sensitive, and reliable overt markers for AC activation by glucagon in the myocardium (6, 27, 35) . We found that when glucagon was administered over a broad concentration range, two distinct dose-response curves emerged (Fig. 2) . The right-hand curve depicts inotropic responses as quantified by dose-dependent increases in peak LVP. The threshold concentration of 3 ϫ 10 Ϫ10 M and the estimated EC 50 of 1.6 ϫ 10 Ϫ9 M are representative of previously reported values for increasing both inotropy and ventricular cAMP levels in isolated rat myocardial preparations (33, 35) . In contrast, the left-hand curve reveals a dose-dependent stimulation of glycolysis that occurred over a much lower concentration range, between 10 Ϫ11 and 10 Ϫ10 M with an estimated EC 50 value of 2.8 ϫ 10 Ϫ11 M, in the absence of any observable changes in LVP. The position of the curve overlapped the normal blood concentration range, which is nearly identical in rodents and humans (8, 36) . The wide separation of the two curves suggested strongly that the metabolic response did not involve stimulation of AC/cAMP.
We investigated this possibility further by measuring changes in tissue levels of cAMP produced by glucagon in the absence and presence of NKY80, an inhibitor of AC (Figs. 3 and 4). As we had observed previously (35) , the substantial increase in LVP produced by the high pharmacological concentration of 10 Ϫ8 M was associated with an elevation of ventricular cAMP levels of about threefold at or near the time of the peak inotropic response (Fig. 3) . By contrast, the 100-fold lower concentration of glucagon that was sufficient to generate a substantial increase in glycolysis did not affect either cAMP (Fig. 3A) or LVP (Fig. 3B ) levels at the equivalent time point. As expected, insulin also had no effect on LVP (data not shown). The presence of NKY80 (20 M) in the perfusate suppressed the increases in both LVP and cAMP in response to 10 Ϫ8 M glucagon but had no significant influence on the glycolytic responses to the lower physiological concentration of 10 Ϫ10 M (Fig. 4A ). In the positive control group, the AC inhibitor did not significantly alter the glycolytic response to insulin either (Fig. 4B) . These results were not consistent with the hypothesis that AC/cAMP mediates the glycolytic effect of glucagon.
We then searched for an alternative signal that might mediate the stimulation of glycolysis. The nearly identical metabolic response profiles produced by glucagon and insulin (Table 2 and Ref. 34) suggested that a good candidate would be PI3K, which has been established as a mediator of rapid metabolic effects of insulin, including the stimulation of glycolysis in heart (21). We approached this question using the PI3K inhibitor LY-294002 (Fig. 4) . As a control, we confirmed that pretreatment with 10 M LY-294002 was sufficient to completely block the stimulation of glycolysis produced by insulin. The same concentration of the inhibitor also abolished the equivalent glycolytic response to glucagon, implicating PI3K as an important metabolic signal for that hormone as well.
That conclusion was further supported by more direct measurements of PI3K activation (Fig. 5) . Western blots of ventricular tissue treated with glucagon (10 Ϫ10 M) or insulin (4 ϫ 10 Ϫ10 M) revealed significant and similar increases in the phosphorylation of Akt (PKB), a downstream target of PI3K activation. Consistent with its blockade of glycolytic responses to the two hormones, LY-294002 also suppressed both glucagon-and insulin-induced Akt phosphorylation. These results confirmed that stimulation of the PI3K signal is necessary for the rapid and marked activation of glycolysis in heart by physiological concentrations of either glucagon or insulin.
DISCUSSION
The central finding of this study is the observation that glucagon produces robust and rapid metabolic effects in the (1, 16, 17, 24) . Each point represents the mean Ϯ SE; n ϭ 3-11. Table 2 ). Previously, it had been widely held that cAMP is the predominant, if not the exclusive, mediator of glucagon's cellular actions in vivo (6) . The hormone figured prominently as a model agonist in the discovery of the cyclic nucleotide as the first known intracellular signal by Sutherland and coworkers (32, 39) . All four of "Sutherland's criteria" (39) for establishing whether a substance acts as a second messenger, or an intracellular mediator, of hormonal effects have been fulfilled repeatedly for glucagon and cAMP in liver, heart, and adipose (2, 6, 9, 11). Of course, an implicit but critical assumption is that both the activation of the cAMP/AC signal and the generation of the expected response, manifested in heart by increased contractility, should occur at physiologically relevant concentrations of the hormone (20) . With regard to glucagon specifically, there is a substantial disparity between blood levels on the one hand and the potency of the hormone to generate cAMP and related responses in target tissues on the other. The concentration range in portal or systemic blood of mammals, including rats and humans (1, 16, 17, 24) , is consistently between 20 and 80 pmol (10 Ϫ10.7 to 10 Ϫ10.1 M). By contrast, threshold concentrations required to activate AC in heart and liver are reported to be in the nanomolar to low-micromolar range (23, 27, 33, 35) . This discrepancy is illustrated by the two distinct doseresponse curves depicted in Fig. 2 . The position of the right- Fig. 3 . Effects of physiological (10 Ϫ10 M) and pharmacological (10 Ϫ8 M) concentrations of glucagon on ventricular cAMP (A) and LVP (B) levels in the absence and presence of the adenylate cyclase (AC) inhibitor NKY80 (20 M). For determination of ventricular cAMP levels, hearts were frozen at 3 min, corresponding to the average time of the peak pressure response after administration of the hormone. *Significant difference in tissue cAMP levels compared with the untreated group (ANOVA/Newman-Keuls); **significant change in LVP above basal levels (paired Student's t-test; P Ͻ 0.05, n ϭ 3-7). hand curve is consistent with previous reports of glucagon concentrations required to generate AC-linked inotropic responses in the myocardium (2, 33, 35) . The curve clearly lies well outside the normal blood concentration range. Its dependence on activation of AC is verified by the effectiveness of the AC inhibitor NKY80 to suppress both the inotropic response and the associated increase in ventricular tissue cAMP produced by the highest concentration (10 Ϫ8 M; Fig. 3) . The left-hand curve in Fig. 2 , by contrast, is a new finding and depicts a dose-dependent stimulation of glycolysis in the absence of any change in contractility. Significantly, the position of the glycolysis curve generated here in the perfused heart ex vivo overlaps the consistently observed blood concentration range in vivo. The lack of involvement of AC/cAMP is supported by two findings. 1) The maximal increase in glycolysis produced by 10 Ϫ10 M glucagon was not associated with an increase in tissue cAMP levels (Fig. 3) , and 2) NKY80 did not inhibit the response (Fig. 4) . In the control group, the AC inhibitor also had no effect on the same response insulin. It has been fairly well established that the AC/cAMP signal does not mediate rapid metabolic actions of insulin in heart (38) .
Another potentially important finding here is the observation that glucagon, rather than opposing effects of insulin as it does on liver (31), instead mimics rapid metabolic actions of insulin on the myocardium (Figs. 1 and 3 (Figs. 4 and 5) , that mediates the glycolytic response to insulin in heart (21) . We cannot identify the specific isoforms of PI3K or Akt activated by glucagon in this study because LY-294002 is not selective for individual PI3K isoforms and because we used a polyclonal antibody against phospho-Akt (Ser 473 ) in the Western analysis. However, the nearly identical responses to glucagon and insulin would suggest that a good candidate might be PI3K Class IA (p110␣/␤), a predominant PI3K isoform in heart tissue that is activated by insulin (29) . Alternatively, Class IB (PI3K␥) is a possibility because it has been shown to be activated by G protein-coupled receptor (GPCR) signaling (5, 40) .
The distinct metabolic and contractile responses observed here in heart might be explained by the stimulation of the two isoforms of the well-characterized GPCR for glucagon (18) that has been reported for liver. Houslay and coworkers (28, 42) have proposed the existence of two hepatic GPCRs, GR1 and GR2, associated with different G proteins. The GR1 receptor has a higher affinity for glucagon than the bettercharacterized, AC-linked GR2 isoform. Binding studies (15) indicate that the K d of the high-affinity site in liver is ϳ9 ϫ 10 Ϫ11 M, on the upper end of blood concentrations, and that of the low-affinity AC-linked receptor is ϳ1.3 ϫ 10 Ϫ9 M, near the estimated EC 50 for the inotropic dose-response curve depicted in Fig. 2 of this study (1.6 ϫ 10 Ϫ9 M). Consistent with our findings in heart, two distinct dose-response curves can be generated by glucagon in liver as well (13, 15) . The hormone is capable of stimulating glycogenolysis and glucose output in hepatic tissue preparations ex vivo at concentrations that are below those required to measurably increase tissue cAMP levels. Interestingly, the estimated EC 50 values for the cAMPindependent hepatic effect, 4 -6 ϫ 10 Ϫ11 M (13, 15), are very close to the estimated EC 50 value of 2.8 ϫ 10 Ϫ11 M for stimulating glycolysis in heart reported here.
Despite these similarities, however, the signal associated with GR1 activation in liver does not appear to be the same one that is linked to the glycolytic response to glucagon reported in this study for heart. Stimulation of hepatic GR1 receptors at low hormone concentrations does not activate PI3K but instead activates phospholipase C, increasing the generation of inositol phosphates, diacylglycerol, and intracellular calcium transients (14, 42) . The latter signal has been associated with rapid desensitization of GR2-mediated effects of higher glucagon concentrations in liver (14) but is not itself associated with acute control of hepatic glucose metabolism by the hormone (41) . In preliminary studies, we found that 1 M GF109203X, a nonselective inhibitor of PKC (a downstream target of phospholipase C), did not alter the stimulation of myocardial glucose oxidation by 10 Ϫ10 M glucagon (data not shown). Even at pharmacological levels, glucagon alone only weakly activates hepatic PI3K and PKB/Akt; it does, however, enhance the activation of PI3K by insulin or leptin (43) . The interaction appears to be an example of cross-talk between the AC/cAMP and PI3K-signaling pathways. Glucagon can also activate p38 mitogen-activated protein kinase in liver (3), but again, pharmacological concentrations of the hormone are required. The signal seems to be involved in cAMP-dependent regulation of gene expression but not in acute regulation of glucose metabolism. Other reported AC-independent signals also require high hormone concentrations and are of questionable physiological significance (22) . In any case, the cardiac receptor responsible for the glycolytic response to glucagon in this study, perhaps a GPCR receptor associated with PI3K (5, 40) or an unidentified tyrosine kinase receptor (25, 29) , remains to be characterized.
Another implication of the results reported here is that the role of glucagon in regulating glycemia in vivo by targeting extrahepatic tissues may be more important, and more insulin like, than previously recognized. This hypothesis is indirectly supported by recent studies. For example, glucagon receptor knockout mice (4, 10, 30, 37) display most or all of the following characteristics depending on the specific model: hypoinsulinemia, moderate hypoglycemia, and profound hyperglucagonemia but surprisingly normal or near-normal hepatic glycogen levels, body weight, food intake, and energy expenditure. The satisfactory maintenance of glycemia in these models was partially explained by evidence of enhanced sensitivity of peripheral tissues to insulin and possibly diminished hepatic glucose production. However, our results suggest that, in addition, endogenous glucagon under these conditions may act to offset the hypoinsulinemia by stimulating unidentified cognate receptors to sustain glucose utilization in extrahepatic tissues. Similarly, in normal animals, glucagon may serve to maintain support of glucose utilization in heart, and perhaps other extrahepatic tissues, during periods of fasting when insulin levels are low.
In summary, the two major new findings of this study are that 1) glucagon stimulates myocardial glycolysis and glucose oxidation and inhibits palmitate oxidation at concentrations that are physiologically relevant and do not influence contractility and 2) the stimulation of glycolysis by glucagon is mediated by a signaling pathway or pathways that involve the activation of PI3K but do not require activation of the AC/ cAMP pathway. Significantly, all of these actions of glucagon mimic well-established and prominent cardiac effects of insulin. The results are consistent with the view that control of fuel metabolism and stimulation of contractility represent physiological and pharmacological effects, respectively, of glucagon on the myocardium.
